Ceramics of solid solutions (1-x)BaTiO 3 -x(Bi 1/2 A 1/2 )TiO 3 (A = Ag, Li, Na, K, Rb, Cs, x ≤ 0.20)
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I. Introduction
Lead-based piezoelectric ceramics have been widely used in commercial applications such as actuators, sensors and transducers due to their excellent properties. 1 However, a significant amount of toxic lead is released into the environment during the processing and disposal of these ceramics, seriously threatening the ecological system. Therefore, there has been an intense worldwide effort on developing lead-free compositions to replace those lead-based ceramics. 2 Among the investigated compositions, (K 0.5 Na 0.5 )NbO 3 -based and (Bi 1/2 Na 1/2 )TiO 3based solid solutions have received most attention. 3, 4 BaTiO 3 (BTO) was the first found piezoelectric ceramic with the perovskite structure. 5, 6 Recently, extremely high values of the piezoelectric coefficient d 33 (350 pC/N, 460 pC/N, 788 pC/N) were reported in BTO ceramics consolidated from hydrothermal powders. 7-10 However, its low Curie temperature (T C ) of 130 o C severely limits the working temperature range. It would be ideal that, with minor lead-free chemical modifications, the T C of BTO can be shifted to above 200 o C while the large piezoelectric property is preserved.
It is well known that the ABO 3 perovskite compounds form wide range of solid solutions with A-site or B-site cation substitutions. 11 Shifting the T C of BTO to higher temperatures is actually to further stabilize the ferroelectric tetragonal phase. In BaTiO 3 , Ti 4+ is key to the ferroelectric distortion in the crystal lattice. 12, 13 Meanwhile the ferroelectric distortion in perovskite can also be resulted from Bi 3+ on the A-site. 12 (Bi 1/2 K 1/2 )TiO 3 binary systems is very limited but these reports did show increased T C . [23] [24] [25] In this work, a series of BaTiO 3 -(Bi 1/2 A 1/2 )TiO 3 (A = Ag, Li, Na, K, Rb, Cs) solid solution systems were investigated to clarify that if enhanced T C can also be observed in solid solutions with other similar (Bi 1/2 A 1/2 )TiO 3 -type compounds. Furthermore, the dielectric, ferroelectric and piezoelectric properties of these ceramics were evaluated.
II. Experimental Procedure
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III. Results and Discussion
( (Figure 1(b) ) suggests that all the compositions are of tetragonal symmetry at room temperature, which is characterized by the peak splitting of (200) T and (002) T . Compared with pure BTO, the lattice parameter of the solid solution ceramics becomes smaller since the effective cation radius (0.5r Bi3+ + 0.5r A+ ) is smaller than r Ba2+ . 26 As the c/a ratio an important parameter representing the lattice distortion of the tetragonal crystal, Fig. 2 displays this parameter at room temperature for all the ceramics investigated in this study. It is seen that c/a of (1-x)BaTiO 3 -x(Bi 1/2 Na 1/2 )TiO 3 (BTO-Na) and (1- (2) Dielectric properties and phase transitions Figure 4 shows the temperature dependence of ε r and tanδ at 100 kHz of the ceramics with different doping compounds. The data for BTO are also presented in Fig. 4 (a) and 4(b) for direct comparison. In general, the dielectric constant of all solid solution ceramics in the measurement temperature range is lower than that of BTO, especially at the Curie temperature.
In contrast, the loss tangent of the solid solutions is higher than BTO. With respect to pure BTO-Cs) exhibit very moderate increase in T C . It is interesting to notice that the variation of T C with respect to the composition (Fig. 5) shows a similar trend as to the variation of c/a ratio (Fig.   2 ). It is assumed that in perovskite structure, when the crystal displays a larger lattice distortion, the phase transition from tetragonal to cubic will require more energy, which means a higher T C . 28
(3) Ferroelectric properties
The P vs. E hysteresis loops were measured at room temperature with a peak field of 30kV/cm. Representative loops for compositions with the lowest dopant content in each system are displayed in Fig. 6(a) . The remanent polarization P r and coercive field E C derived from the hysteresis loops for all compositions are plotted in Fig. 6(b) and (c). Again, Pure BTO is included as a reference. It appears no clear trend in P r with respect to composition x in BTO-Ag, BTO-Li, BTO-Rb and BTO-Cs systems. In BTO-Na and BTO-K, P r apparently gets suppressed with increasing x. Figure 6 (c) displays the trend for E C with respect to composition x in all the investigated binary systems. It is evident that E C increases with increasing x initially and then saturates when
x reaches 0.10. Also, E C is quite comparable for all the binary solid solution systems at the same value of x.
(4) Piezoelectric properties
The piezoelectric coefficient d 33 of the ceramics is shown in Fig. 7 . For all binary solid solution systems investigated here, a dramatic decrease in d 33 is found at the lowest doping level 8 (0.03 or 0.04 mol. fraction). Specifically, d 33 was measured to be 151 pC/N for BTO, 90 pC/N for BTO-Ag3, 68 pC/N for BTO-Li4, 43 pC/N for BTO-Na4, 77 pC/N for BTO-K4, 67 pC/N for BTO-Rb3, and 42 pC/N for BTO-Cs3. Further increase in the molar fraction of (Bi 1/2 A 1/2 )TiO 3type doping compounds results in further reductions in d 33 , but at a much reduced pace.
Several factors may have contributed to the inferior piezoelectric property in these solid solution ceramics. First, there is an orthorhombic-tetragonal phase transition in BTO around room temperature. In solid solutions, this transition appears to be shifted to lower temperatures.
Usually d 33 is enhanced at the temperature of a ferroelectric-ferroelectric transition. 29 Second, the decrease in d 33 in BTO-Na and BTO-K systems could also be associated with the increased T C and c/a ratio. Empirical rules indicate that superior d 33 often occurs in compositions with low T C 30 and a larger c/a ratio makes domain switching harder. 31 Third, all the ceramics were poled at a fixed DC field of 30 kV/cm. However, the coercive field E C in the solid solution ceramics increases dramatically compared to BTO (Fig. 6 ). Therefore, these solid solution ceramics may not have been poled as fully as BTO. Fourth, the density of these ceramics, except pure BTO and BTO-Ag, should be improved. The relative density of the pure BTO ceramic is ~98%. The increased porosity in the BTO-Li, BTO-Na, BTO-K, BTO-Rb, and BTO-Cs systems is expected to have detrimental effect on their piezoelectric d 33 coefficients. temperature is moderate. All the binary systems studied display a stabilized tetragonal phase, an increased coercive field and unfortunately a decreased piezoelectric coefficient d 33 . However, the stabilized tetragonal phase provides a weak temperature dependence of its dielectric constant in a widely broadened temperature range (-120 o C -100 o C), which suggests for potential capacitor applications. 
IV. Conclusions
